We present a color-magnitude diagram of more than 10,000 stars in the halo of the galaxy NGC 5128 (Centaurus A), based on WFPC2 images through V-band and I-band filters. The position of the red giant branch (RGB) stars is compared with the loci of the red giant branch in six well-studied globular clusters and in the dwarf elliptical galaxy NGC 185; the tip of the RGB is signalled by an observed turn-up in the luminosity function at I~ 24.1 ± 0.1 mag; this yields a distance modulus (m-M) 0 = 27.8 ± 0.2 for NGC 5128 (i.e., a distance of 3.6 ± 0.2 Mpc), in agreement with previous determinations based on the planetary nebulae luminosity function and on the surface brightness fluctuations technique.
INTRODUCTION
Understanding the nature of elliptical galaxies is one of the major ripe problems of astrophysics. Baade's surmise that the stellar population of elliptical galaxies was equivalent to the stellar population of the halo of the Milky Way was based upon resolution of the dwarf elliptical galaxies of the Local Group. More recent insights have suggested galaxy mergers as the origin of these pressure-supported stellar systems (Toomre & Toomre 1972; Schweizer 1994) .
Either way, the characteristics of the stellar population remain the proving ground for theories of the origin of these galaxies.
NGC 5128 is classified "SO pee"; its linkage to elliptical galaxies is through its dominant spheroid (Graham 1979) ; its linkage to the lenticular class is through its striking and gratuitous disk (Quillen, Graham, & Frogel 1993) . Merger scenarios have been explored by Malin, Quinn, & Graham (1983) . There is a neutral hydrogen remnant in the halo of the galaxy (Schiminovich et al. 1993) . The galaxy's activity provides a laboratory for gas/jet interaction (Sutherland, Bicknell, & Dopita 1993) . As Centaurus A, it is the nearest major active galactic nucleus, a factor of 5 closer than M87. Its proximity makes it a useful testing ground for early-type galaxy distance indicators (see, e.g., Hui et al. 1993; de Vaucouleurs 1993) .
The resolution and sensitivity of WFPC2 on the Hubble Space Telescope (HST) provide a unique opportunity to probe the stellar population of this nearest large early-type system. Until now the Local Group spheroids have been the only systems that could be resolved into individual stars. We begin the study by examining a halo field some 9 kpc south of the center of the galaxy; the position of our field is illustrated in Figure 1 (image taken from the STSci Digitized Sky Survey). We find a stellar population that is in a close relation to that seen in the dwarf ellipticals previously examined from the ground (Mould, Kristian, & Da Costa 1983 and to the halo of M31 (Mould & Kristian 1986 ).
OBSERVATIONS AND PHOTOMETRY
Eight CCD images of a 160" x 160" field in the halo of NGC 5128 were obtained on 1995 May 30 with WFPC2: four through the F555W filter (1100, 1100, 500, and 500 s exposures), and the other four through F814W (600, 600, 1300, and 1300 s exposures). Figure 1 shows the geometry of the high-resolution planetary camera chip and the three low-resolution wide field chips superposed on the galaxy. A full description of WFPC2 can be found in both Trauger et al. (1994) and the instrument handbook (Burrows 1994) . Bias subtraction, flat-fielding, and cosmic-ray removal were performed according to the prescriptions of Holtzman et al. (1995b) and of Stetson (1995) ; the two series of four images were then averaged in order to obtain a single image Vol. 465
(divided into four chips and rescaled to 1000 s) for each F814W image to within 0':04. Eventually, some 11,000 stars filter. A section of the resulting F814W image from chip 2 in were retained (563 of them detected in chip 1, 3422 in chip 2, the Wide Field Camera has been printed in Figure 2 (size: 3273 in chip 3, and 3827 in chip 4). We then chose several 40" x 40"). We then vignetted the four frames and applied a (relatively) isolated bright stars in each chip in order to correction to the pixel area accounting for geometric distorcompare the values of the magnitudes estimated by the tion (the pixel area was rescaled to the average one, followpoint-spread function-fitting algorithm in ALLFRAME ing Stetson's convention) .
with those obtained with aperture photometry, using an A preliminary list of stars detected in each chip for each aperture radius = 0':5, corresponding to 5 pixels in chips 2, filter was compiled using the automatic star-finding algo-3, and 4 (Wide Field Camera) and to 11 pixels in chip 1 rithm in DAOPHOT; their instrumental magnitudes were (Planetary Camera). Unfortunately, the lack of bright stars determined with the reduction packages ALLST AR and in chip 1 made our calibration rather uncertain for the PC ALLFRAME (Stetson 1991a (Stetson , b, 1994 (Stetson , 1995 that fitted a (we estimated an error of a few tenths of a magnitude); point-spread function (pst) to each star. The matching therefore, we decided to adopt Stetson's (1995) zero points program DAOMASTER allowed us to discard stars for all four chips, for the sake of consistency. We also intradetected in only one color, as well as stars whose position in duced a linear correction for the charge transfer efficiency the F555W image did not match their position in the problems explained in Holtzman et al. (1995a) : stars located in the SOOth row were adjusted to be 0.04 mag brighter, while stars in the first row were left unchanged. 11 Finally, the conversion from the WFPC2 flight photometric system to the standard Cousins colors was implemented using the coefficients tabulated in Holtzman et al. (1995a) : F555W is roughly equivalent to V, and F814W to I (see also Burrows 1994) . In detail, we used the following relation between ALLFRAME psf magnitudes v and i, and the standard magnitudes V and I:
(1)
where Bv = -0.052, Cv = 0.027, B1 = -0.063, C1 = 0.025, and the values of A for the different filters and chips have Holtzman et al. 1995a ).
COMPLETENESS
Figures 3 and 4 display the (I, V-I) and the (V, V-I) color-magnitude diagrams of some 10,000 stars in our field. First, as explained below in this section, we evaluated the photometric errors: we found that the estimates calculated by ALLFRAME are not reliable (they tend to underestimate the true error); therefore, we used the standard technique of adding "artificial" stars in our frames, with random but a priori known position and brightness, and we reran all the star-finding algorithms on the new images. We then compared the magnitude of each added star as determined by ALLFRAME with the value given as input. Not all the fake stars could be recovered, and this allowed us to plot lines in both color-magnitudes diagrams signalling the u Although this is a standard correction, it is unclear whether it is approximate 50% completeness levels (see Figs. 9 and 10 ).
required for data with this illumination level. We regard our maguitudes as
The ADDST AR task of DAOPHOT proved to be a uncertain by + 0/-O.o2 from this unknown.
powerful tool for estimating the completeness of our sample and the photometric error as a function of magnitude. We added 500 stars on each of the WFPC2 chips, both in the V and in the I images, with random position (but coincident in both filters) and random magnitudes in the range 22.5 <I< 27.5 mag and 23.5 < V < 28.5 mag (it is easy to verify that the completeness level is 1 for stars brighter than I = 22.5 mag and V = 23.5 and is 0 for stars fainter than I= 27.5 mag and V = 28.5). The new frames containing all the real plus the fake stars were then run through the same routines (DAOPHOT, ALLSTAR, ALLFRAME, DAOMASTER) in order to produce a new list of stars and respective magnitudes; this was then compared with the original list of artificial stars (from which we subtracted all the stars falling in the vignetted areas of each image). The ratio between the initial and the final number of added stars allowed us to determine the completeness functions at each magnitude, as shown in Figure 5 ; we applied these curves when we determined the color (hence also the metallicity) distribution at fixed values of I (see § 6). A limitation of the ADDSTAR task is the fact that stars are created with the same point-spread function that is then used as a template to detect them; in other words, they are probably slightly easier to find than real stars, and the completeness level may be a little overestimated.
The artificial stars experiment also helped us determine the photometric errors in V, I, and V-I as a function of magnitude; the original magnitudes were compared with the PSF magnitudes derived by ALLFRAME, and the resulting error bars are shown in Figures 3 and 4. Systematic errors begin to affect the data near or below the 50% completeness level, where only stars with positive fluctuations in their luminosity are detected. Occasionally, errors larger than 1 mag occur because of an overlapping of stars in our crowded field; this explains only in part the large number of stars found above the TRGB; besides, this effect is more evident in the I magnitude, and such blended stars are more frequently found at very red colors.
COMPARISON WITH GLOBULAR CLUSTER GIANT BRANCHES
In the (I, V-I) plane, it is easy to see that the dominant contribution comes from the red giant branch (RGB) stars (cf. the analogous CMDs for the dwarf elliptical galaxy NGC 185 plotted in Lee, Freedman, & Madore 1993a) . The number density of the RGB stars rises sharply at I ~ 24 mag for V-I ;:;:; 1.5 mag, which probably defines the tip of the red giant branch. The RGB tip in the C-M diagram represents the locus of the core helium flash for stars with electron-degenerate cores; stars will follow the RGB during their post-main-sequence evolution, up to the TRGB, where we expect to find a discontinuity in the luminosity function. After the helium flash, stars will at first fall onto the horizontal branch and then move up quickly along the asymptotic giant branch (AGB). Distinguishing between red giant stars near the TRGB and asymptotic giant stars may not always be easy, but the timescale for the evolution along the AGB is much shorter than the time spent on the RGB; hence, the number of AGB stars observed is correspondingly lower. AGB stars will give the most significant contribution to the stars lying about 1 mag above the RGB tip, as we shall argue in § 5.2: some of the points plotted in Figures  3 and 4 may simply be spurious because of the crowding of our field, but we estimate photometric errors cannot account for all of them. The solid lines superimposed on the (1, V-I) colormagnitude diagram are the giant branch loci of six wellstudied galactic globular clusters spanning various metal abundances (see Table 2 ). In order to place those curves on a common scale with the NGC 5128 RGB stars, we need to know the reddenings and the distance moduli of both NGC 5128 and the globular clusters; for the latter, the parameters adopted here are those found in Table IX of Da Costa & Armandroff (1990) . The reddening for NGC 5128 has been taken from Burstein & Heiles (1984) , using the E(V-1)/ E(B-V) relation of Dean, Warren, & Cousins (1978) ; this gives E(V -I)= 0.16 ± 0.02 mag and A1 = 0.22 ± 0.02 mag. We tentatively adopt a distance modulus (m -M)0 = 27.72 mag using the results discussed in Hui et al. (1993) ; this value is in agreement with both the distance derived from the planetary nebulae luminosity function and the one inferred from the surface brightness fluctuation technique.
From inspection of Figure 3 it appears that with the adopted modulus the tip of the RGB in NGC 5128 has roughly the same luminosity as the TRGB in the globular clusters; in other words, the distance of NGC 5128 determined by comparing the luminosity of the RGB tips (see § 5.1) is consistent with the distance derived with the other two (independent) techniques. Another relevant piece of information that can be inferred from a comparison of the RGBs in NGC 5128 and in the globular clusters is the metallicity distribution, which will be discussed in § 6. For a given luminosity, metal-rich stars are redder; the relation between color and metallicity is nonlinear. ± 0.12 mag for the tip; hence, the distance modulus of a galaxy or a cluster of stars can be expressed by the simple relation
In our case, we know that AI= 0.22 ± 0.02 mag, and we need only to determine the tip of the RGB from the luminosity function (LF). It is possible in some cases to estimate the position of the discontinuity in the luminosity function simply by eye, but for distant galaxies like NGC 5128, large photometric errors tend to smear out the edge; in a more quantitative approach, one can differentiate the luminosity function and associate the tip of the RGB with the point at which the first derivative has a maximum (the point of steepest ascent in the LF). The uncertainty in the detection of the edge depends mostly upon the size of the bins into which the data can be collected: in our case we cannot choose bins smaller than 0.1 mag in the LF owing to the photometric error. A comprehensive analysis of this method with a computer simulation using artificial LFs can be found in Lee, Freedman, & Madore (1993b) , Madore & Freedman (1995) , and Sakai, Madore, & Freedman (1996) . The solid line in Figure 6 displays the LF of NGC 5128;
only the stars with V-I > 1.5 mag have been considered, in order to make the detection of the edge a little easier; the first derivative of the LF is shown in Figure 8 (solid line). Five-point smoothing was applied to the luminosity function derivative with the first and last points in the "boxcar" given half-weight; three-point smoothing produced similar results.
12 The DA90 giant branches show that for [Fe/H] > -0.7 the giant branch tip is fainter than specified here. This is due to the effects of bolometric correction in cool stars. (Their luminosities are predicted to be similar to or greater than those of less metal-rich stars). These effects do not bias the RGB tip distance indicator provided metal-poor stars are in fact present in the stellar population. They simply soften the luminosity function discontinuity. ± 0.14 mag, and with that derived using the surface brightness fluctuation technique, (m -M)0 = 27.71 ± 0.10 mag (Hui et al. 1993) . This confirms that the most likely distance to the galaxy is 3.7 ± 0.2 Mpc. The value IrRGB = 24.0 ± 0.1 mag is obtained by considering only the stars detected in PC1 (see Fig. 7 
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pixel-1 , while it is 0': 1 pixel-1 in the Wide Field chips); if we assume this value to be more reliable, the modulus will be (m -M)0 = 27.76 ± 0.16 mag (3.6 ± 0.2 Mpc).
As a test of the method used to detect the discontinuity in the LF at the tip of the RGB we repeated the same analysis on the LF ofthe dwarf elliptical galaxy NGC 185, for which the distance modulus had been determined with independent techniques (Lee et al. 1993a; Lee 1995 The relative shift between the tip of the RGB in the two galaxies appears to be AJTRGB = 3.65 ± 0.15 mag, the tip being found at I = 20.35 ± 0.10 mag for NGC 185 (in good agreement with the value of 20.30 chosen by Lee). We then assume Ar,NGC 185 = 0.38 mag and adopt for NGC 185 the distance modulus derived from the absolute V magnitudes of 151 RR Lyrae stars (Saha & Hoessel 1990) :
(m-M)0 ,Nac 185 = 24.02 ± 0.25 mag; this leads to a distance modulus (m-M)0 ,Nac 5128 = 27.8 ± 0.3 mag. The first derivative of the LF for NGC 185 is shown in Figure 8 as a dashed line.
A second galaxy to which we can relate the RGB tip in NGC 5128 is M31 where Davidge (1993) has found the discontinuity in the /-band luminosity function at 
E(B-V) = 0.08 for M31 as Davidge did, we obtain
(m -M)0 = 27.63 ± 0.2 for NGC 5128 from the PC measurement of the RGB tip. Davidge's CMD bears a strong resemblance to that ofNGC 5128.
These results are consistent with the distance modulus from surface brightness fluctuations (Tonry & Schechter 1990) . With Tonry's (1995) calibration, (m -M) 1 = 27.9 ± 0.08 and (m -M) 0 = 27.68. SN 1986G also yields consistent distances, but its large reddening vitiates its use as a standard candle (Frogel et al. 1987; Phillips 1993) .
Stars above the RGB Tip
Although the number density of stars falls quickly for magnitudes I< JTRGB as expected, a few stars are still detected at higher luminosities: we found about 150 stars with I < 23 mag and about 50 for I < 22 mag, as shown in Figure 13 and in the C-M diagrams of Figures 3 and 4. We can think offour possible explanations for these stars:
1. They are simply blends of two or more normal red giant branch stars: in a crowded field two or more stars may happen to be overlapping and may be classified as one bright star by ALLFRAME. We tested this possibility by adding to our images some 1000 artificial stars fainter than I = 24 mag and by checking out how many of them were eventually assigned a magnitude brighter than I = 23 mag by ALLFRAME. We conclude that photometric errors can explain between 30% and 50% of the detections 0.5 mag above the TRGB magnitude limit.
2. They are foreground Galactic stars. Using the star density calculated by Reid (1995) , we estimate that field contamination in our 5.8 arcmin 2 field can account for up to 20-25 stars with 18 <I< 24 mag and 0 < V -1 < 4; in particular, at most, two or three of them are expected to be found with 22 < I < 23.5 mag and 0 < V-I < 4. Therefore, the effect of Galactic contamination can be neglected at these luminosities, while they can probably explain all the stars seen at I < 22 mag.
3. We are detecting real NGC 5128 stars other than lowmass giant branch stars. The presence of a few bright, blue stars with I ~ 23 mag and (V-1) ;:5 1 is consistent with the stellar distribution in the C-M diagrams of NGC 185; Lee et al. (1993a) suggests these are young, Population I stars, but it seems to us their status is not understood. One might compare them with similar bright stars observed in the stellar constellation Shapley III in the LMC (see Reid, Mould, & Thompson 1987) ; in fact, stars above the RGB tip in NGC 5128 appear to be generally similar to those in the LMC. But in the absence of H I gas or interstellar material on the south side of the halo of NGC 5128 the analogy seems strained.
In Figures 9 and 10 we approximately identified the position on the color-magnitude diagrams of the different classes of stars discussed above.
4. They are upper asymptotic giant branch stars.
The majority of these stars appear to be upper asymptotic giant branch (AGB) stars of the kind that are seen prominently in the nuclear bulge of the Milky Way and in the LMC (Frogel et al. 1990b; Frogel, Mould, & Blanco 1990a) . We can infer something more about the AGB stars in NGC 5128 by plotting an [Mbol-(V -1) 0 ] colormagnitude diagram, as we did in Figure 11 ; we adopted a distance modulus (m-M) 0 = 27.72 mag, while the bolometric correction to the I magnitude was taken from From this diagram, and from the slope of the bolometric luminosity function plotted in Figure 12 , we see that the AGB extends up to Mboi"' -5 mag. A natural explanation of the "'300 stars in the range (-5, -4) in M hoi is that a very significant fraction of the star formation in NGC 5128 occurred just ,..., 5 Gyr ago. Aaronson & Mould (1985) have shown that LMC clusters of age 5 Gyr reach Mboi = -4.5 on the AGB. Allowing for the possibility that some half of the stars in this magnitude range may have been promoted there by confusion, we see that the ratio of these stars to stars at the RGB tip is similar in NGC 5128 to its value in M32 (Freedman 1989 (Freedman , 1992 . O'Connell (1980 O'Connell ( , 1986 has argued convincingly that the age of the dominant stellar population in M32 is 5 Gyr (but see Renzini 1992) . Although the current star formation in NGC 5128 is no doubt of much more recent origin, if the elliptical galaxy NGC 5128 formed in a merger, could this have been its approximate date?
We can calculate the number, n, of upper AGB stars expected in a 5 Gyr old population with the aid of (Renzini & Buzzoni 1986) , where Lv is the visual luminosity of the population and t is the lifetime of stars in this interval on the AGB. The luminosity sampled can be estimated from the surface photometry of van den Bergh (1976) . Assuming the average surface brightness is J-Lv = 23.5 mag arcsec -2 , we obtain Lv = 7 x 10 7 L 0 for the area sampled. Adopting b = 3 x 10-11 and t = 0.7 x 10 6 yr for the half-magnitude between -4 and -4.5 in Mboi (Iben, Renzini, & Schramm 1978) , one predicts 1500 stars. This would constrain a burst of star formation from a merger to add only "'10% to the pre-existing stellar population. Moreover, we cannot rule out the hypothesis that these upper AGB stars represent a high-metallicity tail of the distribution, which in some way, possibly a low mass-loss rate, ascend the AGB like a younger population. Stars with Mboi = -5 are observed in the nuclear bulge of the Milky Way (Terndrup, Frogel, & Whitford 1990) , although these stars may themselves be of intermediate age (Holtzman et al. 1992) .
In summary, the quantitative evidence is against the hypothesis that the halo of Cen A is a simple stellar population of age "'5 Gyr. Rather, AGB star counts seem to push the major epoch of star formation in NGC 5128 back earlier than 5 Gyr ago, although unknown mass-loss/ metallicity dependences allow a great deal of flexibility to the model maker.
METALLICITY DISTRIBUTION
The color dispersion in the magnitude below the RGB tip is large and real and is naturally explained by a range in metallicity in this halo sample. At I = 24.4 mag, the color dispersion is u ~ 0.54 mag; the measuring error in color is u ~ 0.15 mag. derived by Lee et al. (1993a) , where we defined (V-1) 0 , _ 3 . 5 as the intrinsic color of the RGB one-half mag below the tip; this relation is more useful in our case, because of the low level of completeness affecting our data at I ~ 25 mag.
In Figure 13 we show horizontal cuts across the RGB at three such magnitudes after correction for completeness. These distribution functions in turn constrain the metallicity distribution function dn/d [Fe/H] . We find that over the range ( -1.5, -0.5) We note that Mould & Kristian (1986) using similar techniques found [Fe/H] > -0.6 for their halo field in M31. If the halo metallicity/luminosity relation is a guide (DaCosta & Mould 1988) , these relatively high metallicity values may be characteristic of the halos of luminous galaxies with Mv ~ -21. The similarity of the NGC 5128 and M31 halo red giant branches (Davidge 1993) is particularly striking.
CONCLUSIONS
The main conclusions we can derive from the present work are as follows:
1. The distance modulus for NGC 5128 inferred from the luminosity of the tip of the red giant branch is in agreement with the values previously determined using the planetary nebulae luminosity function and surface brightness fluctuations; for NGC 185 and M31, it is also in agreement with the distance derived from the luminosity of RR Lyrae stars. This is a further indication of the reliability of the TRGB method, extensively discussed in Madore & Freedman (1995) .
2. We notice the presence of bright stars, bluer than (V-I) = 1; bright, blue stars have also been observed in the dwarf elliptical NGC 185 by Lee et al. (1993a) . of a merger to add less than about 10% to the pre-existing stellar population; the major epoch of star formation was probably earlier than 5 Gyr ago, although large uncertainties remain in the evolutionary models.
4. Finally, the position of the red giant branch in the C-M diagram implies a mean value of [Fe/H] higher than -0.9 (considerably larger than the mean metallicity in NGC 185); relatively high metallicity values have previously been found in a halo field in M31. The crowding in our field (causing large photometric error) and, above all, a completeness level falling below the 50% limit 1 mag below the tip of the RGB are the main sources of uncertainty in our analysis. 
